INTRODUCTION
The availability of an increasing number of recombinant proteins, often synthesized in Escherichia coli, widens the scope of the studies on the structure-function relationships in these molecules. A preliminary step in the use of recombinant proteins is their detailed characterization. Indeed, depending in part on the origin of the gene, the overexpressing host may not handle the gene and its product in exactly the same manner as the natural organism. For instance, experimental conditions leading to overproduction of the target protein may alter the capacity of E. coli to carry out all of the post-translational processes occurring in the natural host.
We have recently expressed in E. coli the Clostridium pasteurianum gene encoding rubredoxin (Mathieu et al., 1992) , a small protein (54 amino acids) the active site of which consists of an iron atom co-ordinated to four cysteinyl sulphur atoms. E. coli cells were shown to efficiently produce a protein having the expected size and active site. However, this protein in its apo form exhibited a molecular mass differing by 28 mass units from that of the natural rubredoxin. In addition, a protein very similar to rubredoxin, but lacking the iron atom, was also isolated from E. coli cells transformed with the plasmid containing the rubredoxin gene (Mathieu et al., 1992) .
In order to characterize these species further, we have implemented electrospray ionization m.s. (e.s.i.m.s.) which has proved to be a valuable technique for precise mass determinations of biopolymers (Fenn et al., 1989; Chait and Kent, 1992) . However, as the interface conditions are selected to provide efficient ionization and sufficient excitation for a good desolvation, labile species are most often dissociated. The iron-sulphur proteins are a typical case of such an occurrence; since the iron-sulphur bonds are weaker than the other bonds involved in proteins, the metal centres are likely to be removed during implementation of the method. In line with this prediction, we have found the cant conversion into apo-rubredoxin occurred when the proteins were ionized at acidic pH and detected in the positive-ion mode. This conversion was quantitative in the case of Zn-rubredoxin. In contrast, when the proteins were analysed at neutral pH in the negative-ion mode, only the holoproteins, i.e. the species initially present in the solutions, were detected in the spectra. The e.s.i.m.s. experimental conditions set up here may prove useful for the analysis of other acidic metalloproteins with weakly bound metals. apoprotein contribution to be dominant, and sometimes exclusive, in the e.s.i.m.s. spectra of several iron-sulphur proteins (Y. Petillot, E. Forest, J. Meyer and J.-M. Moulis, unpublished work). We have nevertheless succeeded in obtaining mass spectra with no other contribution than that of the holoprotein in the cases of the rubredoxin from Clostridium thermosaccharolyticum (Meyer et al., 1990) and of the high-potential iron protein ('HiPIP') from Chromatium tepidum (Moulis et al., 1993) . However, since these proteins are unusually stable, in part due to their being produced by thermophilic bacteria, getting similar results with less stable iron-sulphur proteins will probably require the implementation of milder experimental conditions. Thus we have carried out a comparative analysis of several forms of C. pasteurianum rubredoxin with two goals in mind. First, the investigation of an iron-sulphur protein less stable than those analysed previously is a step towards the eventual set up of e.s.i.m.s. conditions applicable to a wide range of ironsulphur proteins. Secondly, the structural differences between the native and recombinant rubredoxins are reflected in small mass differences for the measurement of which e.s.i.m.s. is an ideal technique. The analysis of these differences may prove important for the understanding ofpost-translational processing ofmetalloproteins in E. coli.
MATERIALS AND METHODS
Clostridium pasteurianum rubredoxin (hereafter referred to as 'N Rd') was isolated as previously described (Mathieu et al., 1992 HindIll-cleaved plasmid pT7-5 (Tabor, nsform competent E. coli DH5a. The ransformants was analysed by restriction g. One purified plasmid displaying the named pTRD1 and used to transform plasmid pGP1-2 (Tabor, 1990) . One was used to grow a preculture which culate 1 litre of Luria broth (LB) medium. ssentially followed a standard protocol thesis of the protein for 90 min after the iod. Rubredoxin purification was carried here (Mathieu et al., 1992) . Holo-rubrom a colourless rubredoxin form (here-*Rd') in the last anion-exchange, puriyield of pure holo-rubredoxin (A490/A280 e of culture in these conditions. R Rd and for e.s.i.m.s. experiments as described doxin.
proteins were carried out on a Perkintriple quadrupole mass spectrometer lbulizer-assisted electrospray (ionspray) ere recorded in the 1000-2100 range of latios in steps of 0.5 m/z, with a 2 ms dwell lution of 1 mass unit. The signal was scans. The instrument was tuned and e mode (for the detection of cations). For erations (detection of anions), all the rs were unaltered, with the exception of and decreasing the absolute value of ion-0 to 4000 V. Samples were infused into the rd 22 syringe pump at a flow rate of C6W injector equipped with a 0.5,ul s were dissolved at a concentration of its used for infusion, which were 0.1 % n positive mode or 10 mM ammonium 8, in negative mode. About 150 pmol of :h spectrum. The reconstructed molecularained by using a deconvolution algorithm
RESULTS
The amino acid sequence of the rubredoxin from C. pasteurianum has recently been redetermined by Edman degradation and by translation of the corresponding gene (Mathieu et al., 1992) . The protein is composed of 54 amino acids, with a large excess of acidic (eight aspartate residues and five glutamate residues) over basic (four lysine residues) residues. Accordingly, its calculated (MacBioSpec software; Perkin-Elmer Sciex) pl is 4.6.
R Rd spectra obtained in negative and positive modes are respectively presented in Figures 1(a) and 1(b) . A coherent series of multiply charged ions, corresponding to molecules bearing from three to six charges is clearly observed in both cases. The presence of several species is better revealed from the reconstructed molecular-mass profiles of the mass spectra (Figures 2a  and 2b) . In both spectra, the measured molecular mass of the main component (6099 and 61001+ Da) is in good agreement with the isotope-averaged mass deduced from the amino acid sequence with an iron atom bound (6099.5 Da). A partial loss of the iron ion appears in the positive-mode spectrum with a peak at 6047.5 Da, whereas there is no evidence for apoprotein formation in the negative mode. This indicates that the conditions of ionization in the positive mode are somewhat detrimental to the protein. Other components, corresponding to sodium adducts (from one to three) are also observed in Figures 2(a) and 2(b) . These cation adducts are frequently revealed in mass spectrometry and are likely to arise from strong ionic interactions with carboxylic acid side-chains.
The reconstructed spectra of N Rd display, in both the negative and the positive modes (Figures 3a and 3b respectively) , a major component at a measured molecular mass of6128 + 1 Da. This increase of 28 Da corresponds to the mass of a formyl group, as previously observed with the apo-rubredoxins and in agreement with the blocking of the N-terminal methionine inferred from amino acid sequencing (Mathieu et al., 1992) . Both spectra of N Rd also display contributions of the unblocked protein at 6100 Da (Figure 3 ). In the positive detection mode, but not in the negative one, apoproteins arising from both the blocked and the unblocked rubredoxin can be observed at 6075 and 6048 Da respectively. It is noteworthy that the ratio of holoprotein to apoprotein is much larger in the case of the formylated rubredoxin than in the case of the non-formylated one ( Figure 3b ). This suggests a greater stability of the formylated rubredoxin, as compared with the non-formylated one. From the spectrum recorded in negative-ion mode (Figure 3a ), a crude estimation shows that the formylated rubredoxin represents more than 75 % of the protein extracted from C. pasteurianum. Peaks corresponding to masses higher than 6128 Da, and probably assignable to sodium and potassium adducts, are observed in the spectra of Figure 3 . Reconstructed mass spectra of the colourless rubredoxin expressed in E. coli, R*Rd, are presented in Figures 4(a) and 4(b) (negative and positive modes respectively). The negative-mode spectrum shows only one peak corresponding to a protein with a molecular mass of 6109.5 + 1 Da. This value corresponds to the mass calculated for rubredoxin with a zinc atom replacing iron (6109.1 Da). In contrast, the major peak in Figure 4 (b) (positive mode) at 6046.5 Da corresponds to the non-formylated aporubredoxin. Peaks present at higher mass in Figure 4 (b) are again due to sodium and potassium attachments on the apoprotein. It is noteworthy that, in the positive-ion mode, no holoprotein is detected and, conversely, in the negative-ion mode, no apoprotein is present. DISCUSSION E.s.i. (Chait and Kent, 1992) is an efficient method to produce multiply charged gas-phase ions from protein molecules in solution. The composition of the solvent and its pH have been shown to be important parameters determining the relative abundance of the obtained ions (Loo et al., 1991 The measured mass of the recombinant rubredoxin purified from E. coli is identical to the one expected from the amino acid sequence with one iron atom bound (Figure 2 ). This confirms that the N-terminal methionine residue is not blocked, as inferred from the initial sequencing yield and from preliminary m.s. measurements on apo-rubredoxin (Mathieu et al., 1992) . In contrast, a large fraction (> 75 %) of the rubredoxin extracted from C. pasteurianum is formylated, most likely on the Nterminal methionine (Figure 3 ), in agreement with the previous report of low (-5%) initial sequencing yields by Edman degradation (Mathieu et al., 1992) . Thus the post-translational processing of rubredoxin differs in the two bacteria. The deformylase activity is presumably larger in E. coli, as only a small minority of soluble proteins are found in the formylated state (Adams, 1968) . Corresponding data for C. pasteurianum are not available. In any case, the recombinant protein is more homogeneous (totally unblocked N-terminus) than the native one (mixture of blocked and unblocked N-terminus). The homogeneity of the fonner protein might be beneficial to some investigations, but it should nevertheless be borne in mind that the native protein has yielded crystals of outstanding quality, despite its N-terminus heterogeneity (Watenpaugh et al., 1980) .
In the last step (anion-exchange h.p.l.c.) of R Rd purification, a colourless protein was isolated, which migrated identically with rubredoxin in SDS/PAGE and which could partially be reconstituted into holo-rubredoxin upon incubation in the presence of Fe3+ and thiol. For these reasons it was tentatively identified as aporubredoxin (Mathieu et al., 1992) . The presently reported e.s.i.m.s. data (Figure 4a ) demonstrate that this protein, R*Rd, is in fact Zn-substituted rubredoxin. The negative-ion detection mode spectrum shows that no apo-rubredoxin is associated with this material. The e.s.i.m.s. data afford no direct evidence that the zinc atom replaces iron at the same site on rubredoxin, but it has independently been shown, by n.m.r. of Zn-and '13Cd-substituted rubredoxins, that these metals replace iron isostructurally (Blake et al., 1992) . In the positive-ion detection mode, the zinc atom is quantitatively lost by rubredoxin ( Figure  4b ). This result indicates that the binding of zinc to rubredoxin is more acid-labile than the binding of iron, and explains why zinc-substituted rubredoxin could be partially converted into iron-rubredoxin in the presence of the latter metal (Mathieu et al., 1992) .
The synthesis of metalloproteins containing a metal different from the naturally occurring one has previously been observed in two cases of heterologous expression in E. coli. The use of a synthetic gene encoding a rubredoxin differing slightly from C. pasteurianum rubredoxin led to the production of several species, including one lacking iron and containing one atom of zinc per molecule of protein (Eidsness et al., 1992) . Expression of the azu gene of Pseudomonas aeruginosa afforded a mixture of authentic Cu(II)-azurin and of another azurin-like molecule which had lost the ability to bind Cu (van de Kamp et al., 1990) . The latter molecular form was subsequently found, by a combination of atomic-absorption analysis and X-ray crystallography, to have incorporated Zn instead of Cu at the metallic centre of the protein (Nar et al., 1992) . Metal substitutions such as those described above do not occur frequently, as the failure to correctly incorporate the naturally present metal ion(s) often results in the production of metal-free proteins (e.g. Karlsson et al., 1989; Varadarajan et al., 1985; Smith et al., 1990) .
Zinc tetrahedrally co-ordinated to four cysteinyl sulphur atoms occurs in mammalian alcohol dehydrogenases and in aspartate transcarbamylase, but is not directly involved in the catalytic properties of these enzymes (Vallee and Auld, 1990 ). Znsubstitution by another metal is usually possible but, generally, with a lower affinity (Bergman et al., 1992) . The same coordination pattern occurs in the subset of the Zn-finger proteins (Berg, 1990 ) sometimes designated as Zn-twists (Vallee et al., 1991) . In model compounds of these, copper (Hutchens et al., 1992) or iron (Omichinski et al., 1993) can replace zinc. As iron does not impair the specific DNA-binding properties of the erythroid transcription factor GATA-1, the proposal that Zn may not be the only naturally occurring metal in such systems has even been put forward (Omichinski et al., 1993) .
It is worth noting that neither in the case of azurin nor in that of rubredoxin has any evidence been found for the presence of the Zn-substituted species in the natural hosts, P. aeruginosa or C. pasteurianum, respectively. As discussed for azurin (Nar et al., 1992) , the selection for one particular metal may be regulated in vivo by metal homoeostasis or by selective carriers. The same arguments might be proposed for the synthesis of rubredoxin in C. pasteurianum, but a simpler explanation follows from the present e.s.i.m.s. experiments. The formation of Zn-rubredoxin, owing to its low stability in acidic conditions (Figure 4 ) is probably less favoured in the relatively acidic cytoplasm of fermenting C. pasteurianum cells (Grupe and Gottschalk, 1992) than in E. coli.
In two previous e.s.i.m.s. studies of iron-sulphur proteins, holoproteins only were detected in the spectra, despite the use of the positive-ion detection mode (Meyer et al., 1990; Moulis et al., 1993) . However, in view of the unusually high stability of these proteins, similar experimental conditions could not be expected to produce as good results with a wide range of iron-sulphur proteins. Indeed, the three proteins investigated here lose their metal ion to various extents in the positive-ion mode. The loss is even complete in Zn-rubredoxin (Figure 4b ). The negative-ion detection mode could be anticipated to be more adapted to the investigation of small iron-sulphur proteins such as rubredoxins and ferredoxins; most of these proteins are acidic, and are therefore negatively charged at neutral pH, where their stability is highest. Negative-ion detection has indeed proved here to be a very efficient alternative; in no case was any apoprotein detected, even for Zn-rubredoxin, which was quantitatively converted into apoprotein in the positive-ion mode. This opens the way to the detection and analysis, as holoproteins, ofless stable iron-sulphur proteins. Along these lines we are currently completing an investigation of [2Fe-2S] and 2[4Fe-4S] ferredoxins. In the long run, analysis of larger and less stable iron-sulphur proteins might become feasible. One might then be able, by e.i.s.m.s., to gain access to an often missing and most important piece of structural information, namely the precise composition of the metal centres.
